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Project Objective

The objective of this research was to investigate the effect of microstructure on the corrosion
behavior of metals and ceramics. Representative materials from the important engineering alloys
and ceramics were studied to determine their corrosion behavior in supercritical water and during
cyclic oxidation in air. The materials included Incoloy alloy 800H, Inconel alloy 617, 12%Cr
ferritic-martensitic steel HCM12A, and silicon carbide fabricated by means of chemical vapor
deposition (CVD). The study focused on the effect of the microstructure such as grain boundary
networks, grain size, and residual strains on the corrosion behavior of these materials. Novel
grain boundary engineering and commercial shot-peening were employed to adjust the grain
boundary character distribution of the metals and refine the surface grain size of alloy 800H,
respectively. The effect of residual strains generated from the CVD processing was studied for
SiC.
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1. Background

The corrosion resistance of a material is highly dependent upon the underlying
microstructure. Even for alloys with the same composition, different cold/hot-working histories
on can result in changes in the base microstructure, leading to significantly different corrosion
behavior. This project studied the effect of microstructures, such as grain boundaries, grain size,
and residual strains, on the corrosion behavior of advanced steels (Incoloy alloy 800H and
ferritic/martensitic steel HCM 12A), a nickel-base alloy (Inconel alloy 617), and silicon carbide
(SiC).

1. 1. Grain boundaries (GBs) and grain boundary engineering (GBE)

GBs are common defects existing in crystalline materials, and play a major factor in
determining the physical, mechanical, electrical, and chemical properties of crystalline materials
[1]. As a fast diffusion path compared to bulk or lattice diffusion, grain boundaries (GB) play an
important role the atomic transport that determines the modes of corrosion. Based on the
misorientation between adjacent grains, GBs can be classified as low-angle boundaries (LABs)
and high-angle boundaries (HABs) with a misorientation angle of 150 as a usual division.
Within the coincidence site lattice (CSL) model, which introduces a parameter I describing the
reciprocal density of coincident sites at a grain boundary, grain boundaries can be classified as
Yl boundaries, low-Y CSL boundaries (CSLBs, 3_<E_29), and general boundaries. 11
boundaries correspond to LABs with misorientation angle <15' [2]. General boundaries include
high-Z CSLBs (1>29) and non-CSLBs (or random boundaries). Both low-X CSLBs and general
boundaries correspond to HABs.

Compared to general boundaries, especially random boundaries, low-I CSLBs have many
special properties such as low boundary energies, less susceptibility to impurity or solute
segregation, and greater resistance to grain boundary sliding and intergranular degradation [2].
Thus, the low-I CSLBs are often referred as "special boundaries". Among the low-Y. CSLBs,
the contribution of 13 boundaries to property improvements has been found to be the most
significant [3,4]. This is because the energy of E3 boundaries is extremely low, typically about
1/50 of a random boundary [2]. Intergranular oxidation preferentially takes place at general
boundaries while low-I CSLBs, particularly 13, 111, X19, and Y-27 boundaries, have excellent
oxidation resistance [5]. Thus, materials with a high fraction of low-Y CSLBs are expected to
have superior corrosion resistance. To take advantage of the special properties of the low-I
CSLBs, GBE was proposed as an approach to control the properties of crystalline metals by
tuning the grain boundary character distribution (GBCD) to obtain a high fraction of low-I
CSLBs and interrupt the connectivity of generally boundaries. GBE has been successfully
employed to enhance strength [6], weldability [7], resistance to creep, [8] and resistance to stress
corrosion cracking [9].

Thermomechanical processing (TMP) is the most popular method used to preform GBE. The
effect of GBE (achieved by TMP) on the corrosion behavior of alloys 800H and 617 has been
studied in this project.

1.2. Grain size

Considering oxidation performance at high temperatures, a fine-grained microstructure is
preferable in the case of high-Cr steels while a coarse grain material is superior in case of a low



Cr steel [10]. This is because the population of grain boundaries greatly increases with the
decrease of grain size. As a result for steels with a high Cr content such as austenitic stainless
steel 316, a greater Cr enrichment in the inner oxide scale and subsequently a quicker formation
of a protective layer of Cr-rich oxide can easily form. A beneficial effect of nano-scale grains
was observed on oxidation of Austenitic 304 stainless steel, which resulted in Cr-rich oxides
rather than Fe-rich oxides due to enhanced Cr diffusion and thus prevented breakaway oxidation
in wet air [11]. On the contrary, pronounced internal oxidation along grain boundaries and a
higher oxidation rate can occur on steels with a low Cr content such as ferritic steel 2.25Cr-IMo
[10].

There are many routes to produce metals with ultrafine grains. One of the popular routes is
several plastic deformation. Shot-peening (SP) is a commercial technique used in a wide variety
of industries for surface grain refinement of metal parts. It is a cold-working process in which a
metal part is bombarded by tiny beads of steel, cut-wire, glass or ceramic shot. The effect of SP
on the corrosion behavior of alloy 800H has been studied in this project.

1.3. Residual strains

Strain has been shown to enhance the dissolution of steels in aqueous sodium chloride and
sulfuric acid solutions [12]. The strain sign (tensions versus compression) plays a complex
effect on stress corrosion [13]. For example, tension strain results in a lower dissolution rate
than compression in a short period of time, e.g. -50 seconds, but changes to a significantly
higher dissolution rate in a long period of time. The effect of residual strains, resulting from
chemical vapor deposition (CVD) processing, on corrosion behavior of SiC has been studied in
this project.

1.4. Materials

1.4.1. Incoloy alloy 800H

Incoloy alloy 800H (UNS N08810, 45Fe-3 1 Ni-20Cr) is an austenitic alloy with a mean grain
size greater than -70 jim in diameter. It is a solid-solution-strengthened alloy with additional
strengthening by precipitation of titanium nitrides and carbides such as MN/MC (rich in Ti) and
chromium carbides such as M 23C 6 (rich in Cr). Titanium nitrides are stable at all temperatures
below the melting point of the alloy and are therefore unaffected by heat treatment [14]. The
detailed specifications of alloy 800H regarding the physical and mechanical properties can be
found in Ref. [14]. Alloy 800H, usually used in an annealed condition, has been broadly utilized
in furnace components and equipment, petrochemical furnace cracker tubes, pigtails and headers,
and sheathing for electrical heating elements since its introduction to the market in the 1950s.
Based on its advantages such as high strength and corrosion-resistance at high temperatures,
alloy 800H had been selected as one of the potential candidate alloys for Generation IV nuclear
plant designs [ 15,16].

Because of the high Cr and Ni contents, alloy 800H has excellent resistance to oxidation.
The Cr in this alloy promotes the formation of a protective surface oxide, and the Ni enhances
the protection, especially during cyclic exposure to high temperatures. Otsuka et al studied the
oxidation behavior of alloy 800H exposed in high-temperature steam at 700'C, and found that a
uniform duplex thin oxide scale formed on alloy 800H [17]. The outer oxide layer is composed
of Fe 30 4 with some Fe 20 3 involved, and the inner oxide layer primarily an (Fe,Cr)30 4 spinel.
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Internal oxides, probably of Cr 20 3 or A120 3, were observed dispersing within the metal substrate
ahead of the inward-growing inner spinel [ 17,18].

Limited literature has been reported on the oxidation behavior of alloy 800H exposed in
supercritical water (SCW). Preliminary result of SCW-exposed alloy 800H at 500'C and 25
MPa indicates severe oxide exfoliation occurred after -333 hours exposure [19]. Oxide
exfoliation is a detrimental phenomenon, which may cause blockage inside superheater/reheater
tubes or severe erosion damage at turbine blades [20]. In a nuclear system, it can also lead to
redistribution of radioactive material.

To withstand the high-temperature and pressure environment in modem and future power
plant system, the properties of alloy 800H need to be improved for extending its service lifetime
and thus maintaining system stability. This study was performed to study the
corrosion/oxidation behavior of alloy 800H and develop practical approaches to improve the
corrosion resistance and mitigate the oxide exfoliation of alloy 800H. GBE and shot-peening
(SP) have been developed for alloy 800H in this study to modify grain boundary networks and
surface grain size, respectively. The effect of the microstructural changes (grain boundary
network and grain size) on the corrosion behavior of alloy 800H is presented in this report.

1.4.2. Inconelallov 617

Inconel alloy 617 (UNS N06617, Ni-22Cr-13Co-10Mo), an austenitic solid-solution alloy,
has been broadly utilized in gas turbines for combustion cans and ducts as well as industrial
furnace components and applications where high-temperature corrosion resistance is generally
important. Based on its excellent resistance to oxidation in a wide range of corrosive media and
excellent high temperature strength, alloy 617 had been selected as a potential candidate alloy for
Generation IV nuclear plant designs [21]. Alloy 617 is normally used in a solution-annealed
condition which provides a coarse grain structure for the best creep-rupture strength. It is further
strengthened by precipitation of carbides such as MC, M6C (rich in Ni and Mo), and M 2 3 C 6 (rich
in Cr).

Reports on the corrosion behavior of alloy 617 exposed to SCW are very limited. Steam
oxidation studies of alloy 617 indicated that Cr20 3 and MnCr 20 4 formed on the surface within a
short period of time (e.g. -1000 hrs) and additional NiO formed after a longer exposure at 800
'C and 4 MPa [22]. Alloy 617 exposed to moist air (3% water) at 700 'C followed a parabolic
rate law [23]. The corrosion resistance of alloy 617 was found inappropriate for the very high
temperature reactor nuclear application [24]. Based on our previous work on the GBE of alloy
800H, which demonstrated significant improvement on oxide stability by GBE during exposure
to supercritical water [25], the GBE approach was investigated for alloy 617 in this study to
improve its corrosion resistance.

1.4.3. Ferritic/martensitic steel HCM12A

Ferritic/martensitic (F/M) steels have been widely studied and developed for applications in
the energy industry. Their performances in various energy systems had been reviewed by Klueh
and Harries [26]. In this alloy family, alloy HCM12A (l2Cr-2W-0.4Mo-ICu-V,Nb) is one of
the third generation 12Cr ferritic steels with tempered martensite [27], which was developed for
heavy section components such as headers and steam pipes at temperatures up to 620'C and
pressures up to 34 MPa [28], with good resistance to thermal shocks [29]. In addition to the
improved thermal shock resistance, F/M steels have better radiation-induced void swelling
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resistance compared to austenitic steels, which stimulates their applications in nuclear energy
technologies [30,31]. The design of alloy HCM12A took the following several aspects into
consideration. To improve weldability, the carbon content of alloy HCM 12A is reduced to about
half of the carbon content in conventional 12Cr ferritic steels, such as HT91 that has been
extensively used as high-temperature components in power plants. W, Mo, V and Nb are added
to improve the creep strength of alloy HCM12A through two strengthening mechanisms:
solution strengthening by W and Mo, and precipitation strengthening by V and Nb. W
strengthening is more effective for creep resistance than Mo strengthening. V and Nb produce
marked effects on precipitation strengthening because they form extremely fine coherent MX
carbonitride on the ferrite matrix. Cu is added in alloy HCM12A instead of Ni as an austenite-
forming element to minimize -ferrite that is harmful to toughness. Ni content is limited in alloy
HCM12A because Ni decreases the long-term strength and greatly reduces the austenite
completion temperature that impairs allowable high-temperature tempering.

There are some previous oxidation studies in high-temperature steam environment [32,33,34]
for the 9-12%Cr ferritic/martensitic steels including alloy HCM12A used for advanced power
plants. A dual-layer oxide was observed on the surface with the outer layer being primarily
composed of Fe oxide and the inner layer containing the oxides of Fe and other alloying
elements. A preliminary study of oxidation resistance of alloy HCM12A exposed in water at
574°C and 19.2 MPa was reported by Sawaragi et al [35], and they also observed a dual-layer
oxide formed on the surface, but no detailed information was provided. Heavy iron oxide
deposits are generated inside the boiler tubes of the fossil plants operating at supercritical
temperatures, and magnetite crystal growth is the dominant fouling mechanism [36]. Oxide
flakes peeled from the oxide layer mix with the fluid that will flow into the turbine. The turbine
blades may be subject to unbalanced forces due to uneven distribution of oxides deposited on the
turbine plate. Thus, the performance of the turbine will be degraded, which eventually impairs
the efficiency of power plants. To improve the corrosion resistance, the effect of GBE on the
corrosion of HCMI2A has been studied in this project.

1.4.4. CVD SiC

The use of SiC in commercial nuclear reactors, particularly as cladding for advanced fuels,
could provide substantial safety and economic benefits. SiC possesses excellent high-
temperature mechanical properties and it has been shown to be stable under neutron irradiation
[37,38]. However, the stability of SiC in water coolants under typical light water reactor (LWR)
operating conditions must be demonstrated before this material can be deployed in commercial
water reactors.

Hydrothermal corrosion of SiC has been the subject of numerous investigations
[39,40,41,42,43,44]. Of particular interest, Hirayama, et al. found that the dissolution rate of SiC
in water at 290'C is accelerated by increasing pH and the amount of oxygen dissolved [39].
They also reported that the dissolution rate of SiC in an oxygenated alkaline solution follows
linear kinetics whereas in an acidic solution, it approximates parabolic kinetics. Microstructural
analysis revealed that corrosion occurred at the grain boundaries and that there was no evidence
for the formation of a protective Si0 2 layer [40].

Kim, et al. [43,44] reported that CVD SiC exhibited better corrosion resistance than reaction-
bonded SiC (RBSC) and sintered SiC (SSC) in water at 360'C, that residual free silicon in RBSC
was preferentially corroded and that the kinetics of corrosion followed a parabolic law, except
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for abrupt increases in weight loss after 7 and 10 days for SSC and CVD-SiC, respectively. Kim,
et al. [43] also showed that the corrosion of RBSC was accelerated by increasing pH through the
addition of small amounts of LiOH.

Kraft, et al. [42], observed linear corrosion behavior for CVD SiC fibers (Specialty Materials
Inc, Lowell, MA) in water at 200 MPa and temperatures in the range of 400 - 700'C and
concluded that no protective layer had formed on the surface of the fibers.

In this study, microstructural effects such as GBs and residual strains on the corrosion
behavior of CVD SiC were investigated.

2. Experiments

2.1. Materials and sample preparation

Commercial alloys 800H, 617, HCMI2A, and SiC were used in this study. The measured
chemical compositions are listed in Table 1. The SiC (Rohm & Hass Company, Advanced
Materials, Woburn MA) was fabricated by means of CVD. The as-received (AR) alloys 800H
and 617 were solution-annealed at 11 77°C and -1170 'C for a time commensurate with section
size followed by water quench, respectively. The F/M steel HCM12A was procured from
Sumitomo Metal Industries, Ltd., and had been normalized at 1050'C and tempered at 770'C.

Table 1. Chemical composition (wt.%) of the as-received alloys 800H, 617, and HCM t2A.

Alloy Fe Cr Ni Co W Mo Mn Cu Si Ti Al Others
800H 45.26 20.42 31.59 - - .76 .42 .13 .57 .50 C, S, P
617 1.47 22.05 52.32 12.69 - 9.35 .27 .11 .15 .38 1.07 C, S, B

HCM12A 84.22 10.83 .39 - 1.89 .3 .64 1.02 .27 .001 Nb , N, C,
S,P, B

GBE was performed on some of the 800H and 617 samples in the AR conditions by means of
a series of small thickness reduction (e.g. -6%) followed by annealing at 1050 and 1 100°C for
90 minutes, respectively [45,46]. Similar TMP was performed on the AR HCM12A samples
with a series of small thickness reduction followed by annealing above 1000°C and fast
quenching in liquid nitrogen. After the sequential TMP, the samples were tempered at 770'C to
obtain the same phase components as the AR HCM 12A. Average grain sizes of the GBE-treated
samples were -100 and -25 tm for the alloys 800H and 617, respectively. The GBE treatments
did not significantly change the average grain size of the alloys. Although corrosion rates have
been reported to be dependent upon grain size [47], the grain size is not expected to play a role
on the corrosion behavior of these studies due to the similar grain size between the AR and the
GBE-treated samples.

The AR and the GBE-treated samples of these three alloys and SiC were prepared in the
same size of 31.7x12.7 mm with a thickness of-I mm. The samples were polished down to I
.m finish with diamond paste. Some of the AR 800H samples were subjected to a shot-peening

(SP) treatment with -500 micron diameter stainless steel beads at -0.3 MPa for 3 seconds.
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2.2. Tests

The corrosion/oxidation performance of the AR, GBE-treated, and SP samples was tested in
supercritical water (SCW) and in cyclic oxidation conditions.

SCW, with temperature and pressure above the critical point of water at 374°C and 22.1 MPa,
has been employed in modem power plants to improve thermal efficiency and reduce the release
of deleterious gases. The SCW was maintained at 500 and 600'C and -25 MPa with a dissolved
oxygen content of -25 ppb (part per billion) at the test section inlet and a flow rate of -1 m/s
during the tests. The SCW exposure experiments were performed in the University of Wisconsin
SCW loop. The detailed construction and system capabilities of this SCW loop are described in
Ref. [48].

Cyclic oxidation testing is a key method to aid material selection and to predict service
lifetime of components. Cyclic oxidation tests were performed in air for 42 cycles with each
cycle being composed of a 24 hour hold at 850'C followed by 15 minutes air cooling, with
subsequent weight measurements.

2.3. Characterization techniques

The oxidation behavior of the samples was examined by means of a variety of analytical
methods. An electronic balance with a measurable sensitivity of 0.1 mg was used for gravimetry.
A LEO 1530 field-emission scanning electron microscopy (FESEM) incorporated with an
energy-dispersive X-ray spectroscopy (EDS) system was employed for characterizing oxide
morphologies, oxide layer structures, and compositional distribution. A Philips 200CM
transmission electron microscopy (TEM) was used to characterize microstructure in high
resolution. A STOE X-ray diffractometer was used for characterizing phases, grain size, and
microstrain. A Zygo NewView 3D optical profile was used to measure the topology/roughness
of the surfaces. In addition, electron backscatter diffraction (EBSD) was used to characterize the
phases, GBs, and strains.

To obtain good quality EBSD patterns, the cross-section samples were polished with SiC
abrasive paper to 1200 grit followed by polishing with diamond paste, alpha alumina, and
colloidal silica solutions in sequence. The EBSD investigation was performed in a LEO 1530
FEGSEM incorporated with a TSL orientation imaging microscopy (OIM) system MSC2200.
The SEM was operated at 20kV and the automatic EBSD area scan was performed using a
hexagonal grid with small step sizes (e.g. 0.1 Rim). To allow identification of the existing phases
with the EBSD analytical software, crystallographic data files were established based on the
XRD analyses in addition to the available database included in the software. For phase analysis
with EBSD, a voting scheme and the confidence index (CI) established by TSL were used [49].
A high number of votes and higher CI values indicate a higher possibility that the phase is
correctly identified.

3. Effect of grain boundaries on corrosion/oxidation

3.1. Grain boundary engineering (GBE) of the alloys 800H and 617

The GBE-treatments performed on the alloys 800H and 617 did not change the grain size and
hardness of the materials as statistically measured by EBSD mapping and the Vicker's micro-
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hardness. Coherent twins were not counted as grain boundaries during the grain size calculation
because they are immobile and not a constituent of the intergranular transport network [45]. At
the GBE treatment temperatures such as 1050 'C for the alloy 800H and 1 100°C for the alloy
617, only carbides may be changed by the GBE treatments since carbides such as Cr2 3 C 6 start to
form at temperatures below -I I00'C according to thermodynamic calculations. However,
distinct thermal segregation and precipitation were not introduced by the GBE treatments as
evaluated by scanning Auger microscopy analyses on in-situ fractured samples. The only
significant change induced by the GBE-treatments is the GBCD.

3.1.1 Grain boundary character distribution (GBCD)

The GBCD of the AR and the GBE-treated alloys 800H and 617 samples are plotted in a
triangle (an adapted ternary phase diagram) as shown in Fig. I(a) with the three axes denoting
the fraction of the 1 1, low-I CSL, and general boundaries. The GBE treatment greatly increased
the fraction of low-X CSLBs and decreased the fraction of general boundaries. The fraction of
low-I CSLBs with X from 3 to 29 of the AR and the GBE-treated alloy 800H and alloy 617
samples is shown in Fig. 1(b). The fraction of annealing twin boundaries Y3 and its twin variants
Y9 and E27 had been greatly increased by the GBE treatment, which indicates that a lot of
twinning and multiple twinning events occurred during the TMP. This is desirable for property
improvement of materials [50,51]. The fraction of 13 boundaries of the GBE-treated alloy 617
samples was enhanced to -64% which is approaching the theoretical twin limit of 2/3 [52].

0.0 00800 1.0 A 0

06 * 800HAR I
(a) (b) 0 SOOHGBEj

02 ° 617AR
A61GE08 * 61IGBE -006
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- 00
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(WAR 02 2 •
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Fig. 1. (a) GBCD (fraction of Y1, low-Y- CSL, and general boundaries) and (b) the fraction of low-I
CSLBs (3_<Z<29) of alloy 800H and alloy 617 in the AR and the GBE-treated conditions.

3.1.2 Thermal stability of the GBE-treated samples

Since atomic migration is increased at elevated temperatures, the GBE-promoted low-I
CSLBs may become unstable and be transformed into random boundaries. Thus, it is necessary
to evaluate the thermal stability of the GBE-optimized GBCD of the materials. The GBE-treated
alloy 800H samples were annealed at 500, 600, and 760'C for 4 and 6 weeks. The AR samples
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were annealed simultaneously along with the GBE samples as a reference. The GBCD of the
annealed samples, which is plotted in Fig. 2(a), indicates that the GBCD was slightly changed by
the anneal for both the AR and the GBE-treated samples. The anneal at 760'C (-58% melting
temperature of alloy 800H) only slightly changed the GBCD of the GBE-treated samples.
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GBE 0.6 ws0.4 G nEiaat n

0.0 0 0

0.6 LO
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0.8 0.2 0.8 NAR 0.2
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500C: 4. G awks Inial: 
600C: 4, a wks 850'C: 4, 6 wks

1.0 760'C 4, 6wks 1.0 1 OO'c 4. 6 wks10.0 1,o.
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Fig. 2. Annealing effect on the GBCD (fraction of t, low-E CSL, and general boundaries) of the AR and
the GBE-treated samples of (a) alloy 800H annealed at 500, 600, and 760'C for 4 or 6 weeks and (b)
alloy 617 annealed at 850 and 1000C for 4 or 6 weeks.

Similar thermal stability testing was performed on the AR and the GBE-treated alloy 617
samples by annealing at 850 and 1000C for 4 and 6 weeks. Samples with a moderate GBE-
treatment were also tested at the same time. The GBCD of the annealed samples, which is
plotted in Fig. 2(b), indicates that the GBCD of the AR samples was changed significantly
compared to the GBE-treated samples. This may result from the deformation-induced texture
that contributed to the statistics of the El boundaries [53,45]. The GBCD of the samples with an
optimized GBE-treatment was very stable at temperatures up to 1000C (-77% melting
temperature of alloy 617) compared to that of the samples with a moderate GBE-treatment.

Therefore, the samples of alloys 800H and 617 with the optimized GBE-treatments are stable
at their application temperatures up to 760'C for alloy 800H and 1000'C for alloy 617.
Although the test time was limited to 6 weeks, the degradation rate of the GBCD of the optimally
formed GBE-treated samples was very slow compared to the samples with moderate GBE-
treatment.

3.2. Supercritical water (SCW) exposure tests

Both the as-received and the optimal GBE-treated alloy 800H and 617 samples were exposed
to SCW to evaluate the GBE effect on the corrosion behavior.

3.2.1. Alloy 800H
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After exposure to SCW at 500 and 6001C for a variety of exposure times, the surface
morphology of the samples was studied with optical microscopy and SEM, the results of which
are shown in Fig. 3. Extensive oxide exfoliation occurred on the as-received samples exposed to
the SCW at 500'C for 3 weeks (Fig. 3(a)) and 600'C for 6 weeks (Fig. 3(c)). In contrast, the
oxide scale is continuous and compact on the GBE-treated samples exposed to the SCW at
500'C for 4 weeks (Fig. 3(b)) and 6000C for 6 weeks (Fig. 3(d)).

RoW~ned O.*de

Fig. 3. Surface morphologies of the AR and the GBE-treated alloy 800H samples exposed to the SCW at
500'C for 3 or 4 weeks (a, b: optical images) and 600 0C for 6 weeks (c, d: secondary electron images).

To analyze the cause of the distinct difference, cross-section samples were prepared for
microstructural analysis by means of EBSD. Fig. 4 shows the EBSD maps illustrating the
distribution of phases and strain in the as-received and the GBE-treated samples exposed to the
SCW at 500'C for 3 weeks (Fig. 4(a) and (b)) and 4 weeks (Fig. 4(c) and (d)), respectively.
Austenite (FCC structure), magnetite/spinel, and hematite were identified by the EBSD analysis
as shown in Fig. 4(a). Magnetite and spinel are not differentiable by EBSD due to their identical
crystal structure, but EDS analysis indicated that the inner layer is spinel and the outer layer is
magnetite [25]. Compared to the as-received sample as shown in Fig. 4(a), the GBE-treated
sample, as shown in Fig. 4(c), has an outer layer with a higher fraction of hematite mixed with a
small amount of magnetite, and an inner layer with spinel mixed with phases identified as the
austenite. The strain distribution as shown in Fig. 4(b) is presented by local average
misorientation between each EBSD data point measurement and its neighbors excluding any
higher angle boundaries (>50). This figure indicates that there is a strain accumulation close to
the spinel-magnetite interface (the interface between the inner and the outer layers). The strain
distribution, as shown in Fig. 4(d), is relatively uniform in the oxide scale on the GBE-treated
sample compared to that on the as-received sample. By integrating the strain intensity along the
direction parallel to the spinel-magnetite interface, relative strain intensity as a function of the
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location across the oxide scale was obtained and is plotted in Fig. 5. It is clear that there is a
sharper strain change at the spinel-magnetite interface in the as-received sample compared to that
in the GBE-treated sample. The strain change at the spinel-magnetite interface on the GBE-
treated sample is about of that on the as-received sample. The sharper strain change in the
oxide scale may have contributed to the extensive oxide exfoliation that occurred on the as-
received sample.

I Inner Outer Iner I Oilier F Innerl]Outer IInrIOle

Fig. 4. EBSD maps of cross-section alloy 800H samples demonstrating the phase and strain ( 0° - 50

average misorientation) distribution: (a, b) the AR samples exposed to the SCW at 500°C for 3 weeks and
(c, d) the GBE-treated samples exposed to the SCW at 500°C for 4 weeks. The labels FCC, S, M, and H

denote phases with face-centered cubic structure such as the substrate austenite, spinel [(Fe,Cr)3 04 ],
magnetite [Fe3 0 4], and hematite [Fe2 0 3], respectively.
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Fig. 5. Normalized strain intensity across the oxide scale on the AR and the GBE-treated alloy 800H
samples as shown in Fig. 4. The two lines are aligned at the inner-outer oxide interface.
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As described in the Section 3.1, the only major microstructural change induced by the GBE
treatments is the greatly increased fraction of low-I CSLBs and decreased fraction of general
boundaries. Although there is also a decrease in the fraction of Il boundaries, the effect of these
boundaries on properties is smaller than the others [2]. Generally, GBs are fast diffusion paths.
The low energies associated with the high population of low-Y CSLBs do not favor fast diffusion,
and thus decrease the overall diffusivity along grain boundaries, shifting the grain boundary
diffusivity much closer to the bulk diffusivity. The lower global diffusivity through the sample
decreased the outward transport of Fe in the GBE-treated alloy 800H sample, resulting in less Fe
supplied to the GBE-treated sample surface compared to that on the as-received sample. The
reduced Fe resulted in a relatively higher oxygen activity promoting the formation of hematite
instead of magnetite on the GBE-treated alloy 800H sample exposed to the SCW (Fig. 4(c)) [54].
Similarly, the inward diffusivity of 0 was also decreased in the GBE-treated sample, resulting in
less oxidation in the inner layer of the oxide scale (Fig. 4(c)).

Temperature ('C)
100 200 300 400 500 600

I I I I I ' 4

6.Ox10' -
9

5.0x10 '

4.0x10' -

A FeC,,0
30x10' ihematite

2.Ox0IO

10xOI- FeCr20 4(spinel)

300 400 500 600 700 800
Temperature (K)

Fig. 6. Volume thermal expansion coefficient (a,) of alloy 800H [14] and oxides such as Fe20 3 (hematite),
Fe 30 4 (magnetite), FeCr2 0 4 (spinel), and Cr,03 (eskolaite) [55].

Fig. 6 shows the volume thermal expansion coefficient (av) of alloy 80011 [14] and the
specific oxides hematite, magnetite, and spinel [55]. The pressure effect on the thermal
expansion coefficient is negligible due to the relatively low testing pressure (-25 MPa) and the
similar bulk modulus of these oxides [56,57,58]. The a, coefficients of hematite and spinel
decrease with a similar trend in transitioning from the testing temperature to room temperature.
However, the trend of the a, of magnetite becomes significantly different from that of spinel and
hematite for temperatures below -400 'C. The significant difference in the av coefficients of
magnetite and spinel may have led to the sharper strain change at the spinel-magnetite interface
on the as-received sample (Fig. 4(b) and Fig. 5). While the smaller a, difference between
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hematite and spinel as well as the decreased fraction of spinel may have alleviated the strain at
the spinel-hematite interface on the GBE-treated sample (Fig. 4(d) and Fig. 5). Furthermore,
hematite has a higher thermal conductivity (12.6 W/m-K) than magnetite (5.0 W/m-K) [59],
which more rapidly dissipates heat and results in a higher strain intensity in the outer layer
(hematite). This increased strain intensity in hematite further decreased the strain change at the
inner-outer interface (the spinel-hematite interface) on the GBE-treated sample (Fig. 5). The
strain distribution (Fig. 5) and the a, of the oxides (Fig. 6) support the experimental observations
that the oxide exfoliation occurred mostly at the spinel-magnetite interface with a few at the
magnetite-hematite interface in the as-received samples.

In addition to the sharper strain change, strong and anisotropic texture was observed in the
oxide scale on the AR sample [25]. The maximum texture intensities of magnetite/spinel and
hematite on the 3-week exposed AR and 4-week GBE-treated samples along the TD [010] and
RD [100] directions are plotted in Fig. 7. The AR sample (3C) had stronger texture than the
GBE-treated sample (4G), and the hematite texture was greater than the magnetite/spinel texture.
For the 3C sample, the texture along the RD [100] direction was stronger than that along the TD
[010] direction, especially for hematite texture in which the texture intensity along RD [100]
direction was about three times of that along TD [010] direction. In contrast, the texture
intensity along the RD [100] and TD [010] directions for the 4G sample was similar. These
results indicate that the oxide formed on the AR sample was more anisotropic than that in the
GBE-treated 4G sample. The anisotropic texture may result from the anisotropic energies of
GBs [60,61], which is related to growth stress (intrinsic stress) [62]. GBE tuned the GBCD and
the grain boundary energy distribution. GBs with relatively isotropic energy may be promoted
after TMP, which results in an oxide growth favoring improved exfoliation resistance [25].

60 ' 3C (TD [0101)

3C (RD [100])
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Fig. 7. Maximum texture intensity (defined as the ratio of measured to random orientation) of magnetite
and hematite on 3-week SCW-exposed AR (3C) and 4-week exposed GBE-treated (4G) samples along
the direction parallel to oxide growth (TD [010]) and oxide surface (RD [ 100]).
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3.2.2. Alloy 617

The oxide scale formed on the SCW-exposed alloy 617 samples is less than -100 nm. It is
difficult to tell the thickness difference of the scales on the as-received and the GBE-treated
samples from cross-section SEM analyses. Due to the thin oxide scale, grazing-incidence X-ray
diffraction (GIXRD) was employed to identify the oxide phases. The GIXRD spectra of the as-
received and the GBE-treated alloy 617 samples exposed to the SCW at 5000 C for 4 weeks are
shown in Fig. 8, where "A" denotes FCC phase from the substrate, "C" denotes chromium oxide
(Cr 2 0 3, PDF# [38-1479]), and the unlabeled peaks denote spinel such as (Ni,Co)Cr2 0 4 (PDF#
[23-1271] and [22-1084]). It is clear that oxide scales formed on both of the as-received and the
GBE-treated samples are composed of chromium oxide and spinel. By comparing the relative
peak intensity of the chromium oxide and the spinel, it is possible to deduce that the oxide scale
on the GBE-treated sample has a higher fraction of chromium oxide than that on the as-received
sample. Additionally, the GBE-treated sample shows a { Ill } texture in the substrate, which may
have played a role on the oxide formation. The relationship between texture and grain boundary
engineering has been briefly introduced in Ref. [63].
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Fig. 8. Grazing incidence X-ray diffraction (GIXRD) patterns with an incident angle of 0.50 of the AR
and the GBE-treated alloy 617 samples exposed to the SCW at 500'C for 4 weeks.

Oxide surface chemistry of the SCW-exposed alloy 617 samples was analyzed by XPS
instead of EDS due to the thin oxide scale. XPS surface survey profiles of the as-received and
the GBE-treated samples are shown in Fig. 9. It is clear that Ni and Co are present on the as-
received sample surface in addition to Cr and 0 on both the as-received and the GBE-treated
sample surfaces. The other peaks correspond to Auger peaks and contaminants such as C and Ar.
The presence of the Ni and Co on the as-received sample surface indicates that the oxide scale on
the as-received sample is either composed of a discontinuous chromium oxide or complex oxides.
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